Background: NMDA receptors are traditionally viewed as being located postsynaptically, at both synaptic and extrasynaptic locations. However, both anatomical and physiological studies have indicated the presence of NMDA receptors located presynaptically. Physiological studies of presynaptic NMDA receptors on neocortical GABAergic terminals and their possible role in synaptic plasticity are lacking.
Introduction
GABA is the principal inhibitory neurotransmitter in the neocortex. Responses mediated by GABA A receptors are already present embryonically [1] and regulate excitability during postnatal development of the neocortex [2] . Formation of local neocortical circuits is dependent upon electrical activity, both spontaneous and experience driven [3] . GABA is known to shape circuit function by controlling activity-dependent refinement of functional connections [4] and by changing the balance between excitation and inhibition [5] . Plasticity at GABAergic connections also has been implicated in the establishment of synaptic networks [6] .
NMDA receptors are tetrameric ionotropic glutamate receptors that consist of two obligatory (NR1) and two regulatory subunits, either NR2 or NR3. NMDA receptors are traditionally viewed as being located postsynaptically, at both synaptic and extrasynaptic locations. However, both anatomical [7] [8] and physiological studies [9] [10] [11] have indicated the presence of NMDA receptors located presynaptically. In entorhinal cortex, when postsynaptic NMDA receptors were blocked by intracellular MK-801, bath application of D-APV decreased the frequency of miniature (m) EPSCs indicating that NMDA receptors tonically facilitated transmitter release [11] . Similar decreases in mEPSC frequency were observed with the NR2B subunit-specific antagonist ifenprodil, indicating involvement of NR2B-containing receptors [12] . Functional presynaptic NMDA receptors have also been reported in visual cortex where NR2B containing receptors again appeared to be involved (see review by [13] ). Presynaptic NMDA receptor expression in cortical structures is developmentally regulated [14] [15] and down regulation has significant effects on synaptic plasticity [15] .
Electron-microscopic studies have demonstrated presynaptic NMDA receptors on GABAergic nerve terminals in cerebellum and neocortex [16] [17] . Activation of presynaptic NMDA receptors increases the frequency of spontaneous and mIPSCs in cerebellar basket, stellate and Purkinje cells [18] [19] . Long-term potentiation (LTP) of GABAergic synapses, via a presynaptic mechanism, has been reported at synapses in the cerebellum [20] and ventral tegmental area [21] . Physiological studies of presynaptic NMDA receptors on neocortical GABAergic terminals and their possible role in synaptic plasticity are lacking. Our results indicate that presynaptic NMDA receptors can tonically modulate GABA release in neocortex and that physiologically patterned stimulation can induce synaptic plasticity in inhibitory currents in pyramidal cells. These modulatory effects are developmentally regulated, involve NR2B subunit containing receptors and may influence development of neocortical circuits.
Results

Presynaptic NMDA receptors facilitate inhibitory synaptic transmission in immature neocortex
Modulation of inhibitory transmission in neocortex by presynaptic NMDA receptors, and possible developmental regulation, has not been examined. The effect of presynaptic NMDA receptors on evoked GABA release was studied by recording pharmacologically isolated IPSCs in the presence of 50 mM GYKI52466, 20 mM CNQX and 2 mM SCH50911 to block AMPA, KA and GABA B receptors, respectively. We have shown previously that currents evoked under these conditions were blocked by 10 mM bicuculline, a GABA A receptor antagonist, suggesting that the observed currents were mediated through activation of GABA A receptors [22] . Recordings were obtained from layer II/III pyramidal cells. Contributions from postsynaptic NMDA receptors were blocked by including 1 mM MK-801 in the pipette solution and voltage clamping the cell at 270 mV in the presence of 1.3 mM Mg 2+ [11, 15] . As shown in Fig. 1A , when a pair of stimuli was applied at an interstimulus interval of 50 ms, paired pulse facilitation was observed. This was seen in all PND12-15 neurons tested (n = 24). After obtaining control recordings, the competitive NMDA receptor antagonist D-APV (50 mM) was bath applied. The amplitude of both IPSC 1 and IPSC 2 were significantly reduced in the presence of D-APV (IPSC 1 from 15560.02 pA to 11460.3 pA, p,0.05 and IPSC 2 from 25060.04 to 7760.03 pA test, p,0.05, n = 24). A time course plot showing the effect of D-APV on IPSC 1 and IPSC 2 is shown in Fig. 1B . Paired pulse facilitation was changed to depression after D-APV application (Fig. 1C) . The ratio changed from 1.460.1 to 0.760.1, p,0.05 in the presence of D-APV. The change in the first IPSC amplitude can be attributed to a D-APV-induced block of a tonic presynaptic NMDA facilitatory effect produced by ambient glutamate [23] .
A developmental decrease in the ability of presynaptic NMDA receptors to facilitate glutamate release in mouse visual cortex has been reported previously [15] . To examine if a similar decrease of presynaptic NMDA receptors also occurred with IPSCs, we recorded from PND21-25 animals. As shown in Fig. 1D , PND21-25 animals showed paired pulse depression under control conditions, as reported in adult neocortex [24] . In PND21-25 animals, bath application of D-APV did not significantly affect the amplitudes of IPSC 1 or IPSC 2 (Fig. 1E) or paired pulse ratios (0.9+/20.1, control; 0.89+/20.07, APV, p.0.05) (Fig. 1F) . These results suggest a decrease in facilitatory presynaptic NMDA receptors with development.
Effects of NMDA receptor agonists and antagonists on mIPSCs
The results on evoked IPSCs and paired pulse ratios described above suggest modulation by presynaptic NMDA receptors. To further address presynaptic effects, pharmacologically isolated mIPSCs were recorded in the presence of 50 mM GYKI52466, 20 mM CNQX, 2 mM SCH50911 and 1 mM TTX to block AMPA, KA, GABA B receptors and action potentials, respectively. A pipette recording solution to which 1 mM MK-801 had been added was used to block postsynaptic NMDA receptors [11] . It was hypothesized that if presynaptic NMDA receptors were present on GABAergic nerve terminals, bath application of NMDA would increase the frequency of mIPSCs without affecting amplitudes in PND12-15 animals. Conversely, NMDA receptor antagonists would decrease the frequency of mIPSCs with no change in amplitude. Specimen records of mIPSCs in a PND12 animal under control conditions are shown in Fig. 2A , left. After bath application of 30 mM NMDA to activate NMDA receptors, an increase in frequency was clearly observable (Fig. 2A, right) . Cumulative probability plots of mIPSC interevent intervals and amplitudes for the neuron shown in Fig. 2A are shown in Fig. 2B , left and right, respectively. NMDA application shifted the interevent interval curve to the left indicating an increase in frequency whereas the amplitude plots were unaffected. A summary of results with NMDA application is shown in Fig. 2C . mIPSC frequency was significantly increased (2.160.4 control versus 3.660.3 Hz NMDA, n = 19, p,0.05) with no change in amplitude (61.961.3 control versus 58.664.0 pA NMDA, n = 19, p.0.05). These effects were reversible upon washing (Fig. 2C  right) . In these experiments, no change in holding current was observed with NMDA application demonstrating that postsynaptic NMDA receptors were blocked by the MK801 present in the recording pipette. In the next series of experiments, 50 mM D-APV was bath applied to block NMDA receptor activation. Inspection of specimen records from a PND15 animal indicated that D-APV produced a decrease in the frequency of mIPSCs which was reversible upon washing (Fig. 2F ). This occurred without a change in the amplitude (Fig. 2D , control versus APV). Fig. 2E , left and right, shows cumulative probability plots for interevent intervals and amplitudes, respectively. D-APV shifted the interevent interval plot to the right, indicating a decrease in frequency whereas amplitudes plots were superimposable. Neurons from PND21-25 control rats were also tested. Fig. 3A shows specimen records under control conditions and in the presence of 30 mM NMDA. Agonist application did not have any obvious effect on mIPSCs. Quantitative analysis of mIPSC frequency and amplitude did not detect any significant differences, as shown in Fig. 3B . IPSC amplitudes were 50.262.5 and 52.662.3 pA (n = 17, p,0.05) before and after NMDA respectively. The frequency of IPSCs was 2.260.2 and 2.360.1 (n = 17, p,0.05) under control conditions and after NMDA. Similarly, antagonism of NMDA receptors with D-APV did not produce significant changes in mIPSC frequency or amplitude (Fig. 3, C and D Presynaptic NMDA receptors mediate IPSC plasticity
To further evaluate the role of presynaptic NMDA receptors in regulating synaptic plasticity at inhibitory terminals in neocortex, we examined the effects of patterned stimulation on evoked IPSCs. To minimize contribution from postsynaptic NMDA receptors, neurons were held at 270 mV in the presence of 1.3 mM Mg 2+ and with MK-801 in the recording pipette. Under these conditions, ten episodes of patterned stimulation [25] were applied in slices from PND12-15 animals. Specimen records of averaged control IPSCs before and after patterned stimulation are shown in Fig. 4 A (left) . During a ten minute baseline period, stimulation at 0.05 HZ produced IPSCs of constant amplitude, as shown in Fig. 4B . Under control conditions, stimulation produced a 17860.4% (n = 21, p,0.05) increase in IPSC amplitude after 5 minutes. A stable significant increase of 3560.1% (P,0.05 compared to pre stimulation baseline) was observed from 21 to 29 min after patterned stimulation. At many synapses, LTP mediated by postsynaptic NMDA receptors is blocked by including the calcium chealtor BAPTA in the recording pipette. We reasoned that if IPSC LTP was mediated by presynaptic NMDA receptors, postsynaptic BAPTA would not block LTP induction. After obtaining a stable whole cell recording, at least 15 min was allowed for BAPTA to diffuse into the cell. Fig. 4B shows that robust LTP was observed when neurons were loaded with 20 mM BAPTA. IPSC amplitudes were increased 13460.2% (n = 22, p,0.05) 5 min after patterned stimulation. A stable significant increase of 36+/20.1% (p,0.05) was observed from 21 to 29 min. Our results with evoked IPSCs and mIPSCs indicate that modulation by presynaptic NMDA receptors is blocked by application of D-APV. We hypothesized that D-APV also should block stimulation induced increases in IPSC amplitude if presynaptic NMDA receptors were involved, given that postsynaptic receptors were already blocked under our recording conditions. Specimen records of averaged IPSCs are shown in Fig. 4A (right) . When stimulation was applied in the presence of 50 mM D-APV, LTP was not present at 5 min (1960.2%, n = 19, p,0.05) (Fig. 4B right) . A late depression of 5660.1% (p.0.05) was observed from 21 to 29 min after stimulation, similar to that described for excitatory responses in the dentate gyrus of young rats [26] . These results suggest that, in PND12-15 animals, presynaptic NMDA receptors are necessary for patterned stimulation-induced IPSC LTP.
Our present results with IPSCs and previous reports on EPSCs [11, 15] indicate that presynaptic NMDA receptors are downreg- ulated by PND21-25. We hypothesized that if this were true, patterned stimulation would not induce LTP in this age group. To examine this, recordings were again obtained at 270 mV in the presence of 1.3 mM extracellular Mg 2+ , AMPA, KA and GABA B antagonists in the bath and MK801 in the pipette. Representative recordings before and after patterned stimulation are shown in Fig. 5A (left) . Under control conditions, no LTP was observed (n = 18). When additional experiments were performed in the presence of D-APV or BAPTA, LTP was also not observed (n = 16 and 18, respectively). Summary histograms of IPSC amplitudes before and after patterned stimulation are shown in Fig. 5B . Patterned stimulation did not have a significant effect on IPSC amplitude in the PND21-25 age group under any experimental condition.
NR2B-containing presynaptic NMDA receptors participate in tonic facilitation of glutamate release in epileptic rats [14] and LTD induction in layer V pyramidal cells [27] . We tested the hypothesis that NR2B-containing receptors contribute to IPSC plasticity by examining the effects of the NR2B subunit selective antagonist Ro 25-6981 on mIPSCs and stimulation induced changes.
As shown in Fig. 6A , under control conditions In PND12-15 rats, there was a 226618% (n = 11, p,0.05) increase in IPSP amplitude 5 min after stimulation. In the presence of 1 mM Ro 25-6981 IPSP amplitude was not significantly changed 5 min following stimulation (261.7% decrease, n = 15, p.0.05). In PND21-25 animals, stimulation did not induce LTP (n = 15) and responses were unaffected by R0 25-6981 (n = 16) (Fig. 6B) .
Discussion
The present results indicate that presynaptic NMDA receptors modulate GABA release onto neocortical pyramidal cells. We provide evidence for tonic modulation of inhibitory synaptic transmission via activation of presynaptic NMDA receptors by ambient glutamate. Patterned stimulation-induced LTP of inhibitory synaptic transmission was dependent on activation of pre-but not postsynaptic NMDA receptors. These effects are developmentally regulated, being prominently displayed at PND12-15 but absent at PND21-25. Modulation of inhibitory GABAergic synapses by presynaptic NMDA receptors may be important for proper functioning of local cortical networks during development.
Tonic activation of presynaptic NMDA receptors
Tonic regulation of synaptic glutamate release by presynaptic NMDA receptors has been reported previously in entorhinal [11] [12] and neocortex [13] . Bath application of NMDA receptor antagonists, including the NR2B-subunit selective antagonists ifenprodil and Ro25-6981, consistently reduced the frequency but not amplitude of mEPSCs. Presumably, activation of presynaptic NMDA receptors by ambient levels of glutamate produces a tonic elevation of mEPSC frequency. Our previous studies have shown that ambient glutamate concentrations in neocortical brain slices are high enough to activate postsynaptic NMDA [28] and presynaptic kainate receptors [29] . Ambient extracellular glutamate levels have been measured using microdialysis, push-pull perfusion and electrochemical sensors, yielding estimates in the range of 0.5 to 5 uM [30] . Physiological studies estimating glutamate levels in hippocampal brain slices have indicated levels in the nanomolar range [31] . Ambient glutamate levels were not dependent on activity levels or vesicular release, leading to the suggestion that it is glial in origin [31] . These studies in large part use extrasynaptic NMDA receptors as glutamate detectors and do not address possible compartmentalization of glutamate levels in synaptic or perisynaptic regions. Pharmacological studies of changes in mEPSC frequency in response to NMDA [11, 15] and mGluR [32] antagonists clearly support the concept that ambient glutamate concentrations are sufficiently high to modulate glutamate release. Evidence for tonic activation of presynaptic NMDA receptors also comes from paired recording studies of neocortical neurons showing that EPSC amplitudes were reduced by APV. Analysis of coefficient of variation and paired pulse ratios indicated involvement of a presynaptic mechanism [27] .
The exact location of the presynaptic NMDA receptors modulating glutamate transmission has not been established. It has been suggested that NMDA receptors expressed on the soma, dendrites or surrounding cells, rather than in axonal compartments might mediate observed changes in glutamate release [33, 34] . NMDA mediated depolarizations and Ca 2+ entry in L5 pyramidal cell axons were not observed following focal application of NMDA receptor agonists [34] . GABAergic interneurons have not been similarly investigated. Changes in axonal excitability could be tested using whole cell recording from GABAergic interneurons and examining changes in threshold for eliciting antidromic spikes [35] . Evidence from changes in mIPSCs and lack of postsynaptic responses to bath applied NMDA suggest that the effects seen here are pre-not post-synaptically mediated, as. The exact location of the presynaptic effect (synaptic terminal, axon or dendrite) remains to be determined.
GABA receptors can also be activated by ambient concentrations of neurotransmitters. Ambient levels of GABA activate postsynaptic GABA A -receptors resulting in tonic inhibition [36] whereas activation of presynaptic GABA B -receptors modulates phasic inhibition [37] . Presynaptic ionotropic GABA receptors also modulate GABA release [38] . We have previously reported that ambient glutamate levels activate kainate receptors located on GABAergic terminals producing facilitation of GABA release in the neocortex [22] . In the present study, the changes in evoked IPSC amplitude following application of NMDA receptor antagonists suggest similar tonic facilitation of GABA release by presynaptic NMDA receptors. This tonic modulation via NMDA receptors does not result in maximal potentiation since bath application of NMDA can further increase mIPSC frequency. Regulation of GABA release thus appears to be controlled by glutamate via a variety of modulatory systems.
IPSC potentiation and NR2B receptors in developing neocortex
Potentiation at excitatory synapses has been extensively studied. Considerable evidence also indicates that long term changes in excitability of GABA-mediated synaptic transmission occur. LTP of GABAergic synapses has been reported in CA1 pyramidal cells following tetanic stimulation [39] . High frequency stimulation has also been shown to produce IPSC LTP via a postsynaptic mechanism in amygdala and neocortex (see review [13] ). This LTP does not require activation of NMDA receptors [40] or an increase of intracellular calcium [41] . However, LTP of inhibitory synapses in cerebellar Purkinje cells [42] , visual cortex [43] , the CA3 area of hippocampus [44] and in deep cerebellar nuclei [45] depends on a postsynaptic increase in intracellular calcium. Our results indicate that presynaptic NMDA receptors in the developing neocortex mediate a novel type of synaptic plasticity consisting of an early transient potentiation followed by a sustained increase in IPSC amplitude. At most glutamatergic synapses, NR2B subunits are abundantly expressed at birth and are gradually replaced by NR2A subunits during development [46, 47] . NMDA receptors largely consist of NR1/NR2B subunits at newly formed synapses whereas at mature synapses NR2A-containing receptors are targeted to synapses. Homomeric NR2B receptors are kept from the postsynaptic membrane [48] . Consistent with this developmental scheme, we have shown that presynaptic NR2B-containing receptors modulate GABA release early in development (PND12-15) and appear to be lost at older ages (PND21-25). The high glutamate affinity of NR2B containing receptors [49] make them ideally suited for sensing glutamate released during patterned stimulation. It remains to be determined why presynaptic NMDA receptors are lost during this period where postsynaptic receptors successfully make the NR2B to NR2A switch. Numerous developmental studies have focused on the switch between NR2B to NR2A receptors. However, expression of NR3A containing NMDA receptors is also developmentally regulated [50] . Their low sensitivity to Mg 2+ blockade would enable contribution to synaptic transmission under physiological conditions.
The concentration of extracellular glycine and D-serine was not controlled in the present experiments. Increasing the glycine or Dserine concentration did not change the frequency or peak amplitude of mEPSCs in immature rat visual cortex whereas D-APV decreased event frequency [51] . The observed apparent loss of presynaptic NMDA receptors at PND 21-25 could be due to developmental changes in glycine and or D-serine levels. It could also be attributable to a switch to receptors containing a subunit with a higher EC50 for glycine. In such a case, raising glycine concentrations could unmask presynaptic NMDA receptors in more mature animals.
Regulation of release by presynaptic NMDA receptors
The physiological effects of presynaptic NMDA receptors reported here and by others in a variety of brain regions (see review [13] ) are observed in the presence of physiological concentrations of extracellular Mg 2+ . The mechanisms whereby NMDA receptors could act to increase transmitter release under these conditions are unclear. It is well-established that NMDA receptors are blocked in a voltage-dependent manner by Mg 2+ . The resting potential in GABAergic synaptic terminals is largely unknown. Resting potentials of 260 to 285 mV have been reported for mossy fiber terminals [52] and at the Calyx of Held [53] suggesting that Mg 2+ block would be present. The question is how much current flows through presynaptic NMDA receptors under normal conditions. We have previously shown that there are developmental changes in the voltage-dependent Mg 2+ block of neocortical NMDA responses [54] . However, even in PND9-14 animals, substantial current flow was observed at 280 mV. Most central nerve terminals are small structures and are likely to have high input resistances; small NMDA currents could depolarize the nerve terminals sufficiently to relieve the Mg 2+ block, particularly if the receptor density was high.
Enhancement of GABA release by presynaptic NMDA receptors presumably involves increases in terminal Ca 2+ levels. This could be due to direct entry via NMDA receptors [18] or activation of voltage-gated calcium channels in response to depolarization [55] . Secondary release of calcium from intracellular stores, as reported for kainate receptor activation [22] , is also a possible mechanism. Multiple actions of calcium on release mechanisms are then possible [13] . Alternatively, involvement of other retrograde messengers, released following activation of NMDA receptors on other neurons or glia, acting on GABAergic terminals remains a possibility [13] .
IPSP plasticity and network assembly
Information in the brain is believed to be encoded by large and overlapping networks of interconnected neurons. Neuronal plasticity, a process that depends on cellular activity and environmental experiences [56] , fine-tunes neuronal connectivity. Although experiences shape neuronal networks to a limited extent in the adult brain, organization of local networks is more robust during early postnatal development. Tonic and phasic modulation of inhibitory activity by presynaptic NMDA receptors could be a significant mechanism contributing to circuit formation and may be important for proper functioning of local cortical networks during development.
In summary, our results indicate that presynaptic NMDA receptors modulate GABA release onto neocortical pyramidal cells in the early postnatal period (PND12-15). Ambient glutamate levels produce tonic facilitation of inhibitory synaptic transmission via activation of presynaptic NMDA receptors whereas trains of patterned stimulation induced IPSC LTP.
Materials and Methods
Ethics Statement
Animals were handled and housed according to the guidelines from the NIH Committee on Laboratory Animal Resources. All experimental protocols were approved by the University of Alabama Institutional Animal Care and Use Committee. Every effort was made to minimize pain and discomfort.
Slice preparation
Slices of rat frontal association cortex were prepared from PND12-25 animals using procedures similar to those described previously [22] . Rats were anesthetized with ketamine (100 mg/ kg) and decapitated. The brain was quickly removed and placed in ice-cold saline, containing (in mM): 125 NaCl, 3.5 KCl, 0.5 CaCl 2 , 3.5 MgCl 2 , 26 NaHCO 3 and 10 D-glucose. The saline was bubbled with 95%O 2 /5%CO 2 to maintain pH around 7.4. Coronal brain slices (300 mm thick), containing frontal association cortex were cut using a Vibratome (Ted Pella, Inc., Riverside, CA). The slices were kept for 30 minutes at 37uC and then stored at room temperature (22-23uC) . Individual slices were transferred to a recording chamber mounted on the stage of a Leica DM LFSA (Leica Microsystems Wetzlar GMBH, Wetzlar, Germany) microscope equipped with infrared Nomarski differential interference contrast optics. The chamber was continuously perfused with oxygenated saline at a rate of 2-4 ml/min at 32uC. For whole-cell patch clamp recordings, individual cells were visualized using a Leica 40X, 0.75 NA long-working distance water immersion objective. Neurons were imaged using an infrared-sensitive video camera (Newvicon C2400-07-C, Hamamatsu, Japan) and displayed on a video monitor. Pyramidal neurons in layers II/III were identified by their depth below the pial surface, pyramidal shape, presence of a prominent apical dendrite and their regular spiking properties.
Solutions and chemicals
The extracellular recording solution contained (in mM): 125 NaCl, 3. 
Stimulation
Synaptic responses were evoked with a bipolar stimulating electrode consisting of a twisted pair of 25 mm Formvar insulated nichrome wires. The electrode was positioned 150-200 mm below the recording pipette. Stimulation pulses were 50-200 mA in amplitude and 80-100 ms in duration. A series of increasing stimulations were applied until stable IPSCs were evoked. Paired stimulation at an interpulse interval of 50 ms and frequency of 0.05 Hz was then used. Physiologically patterned stimulation [25] was used to induce LTP. This consisted of 10 bursts at 1.25 Hz with each burst consisting of 10 stimuli at 25 Hz.
Recording and analysis
Whole-cell patch-clamp recordings were obtained at 32uC. Patch pipettes were pulled from borosilicate glass capillaries on a Narishige Model PP-83 puller and had resistances of 3-4 MV. Whole-cell voltage-clamp recordings were made using an Axopatch 1B amplifier (Molecular Devices, Sunnyvale, CA), controlled by Clampex 8.0 software via a Digidata 1322A interface (Molecular Devices). Evoked responses were filtered at 2 kHz, digitized at 10 kHz and analyzed using Clampfit 8.0 software (Molecular Devices). Response amplitudes were measured as the difference between baseline and IPSC peak. Data are expressed as mean 6 SEM. Statistical analysis of response amplitudes before, during, and after drug applications was carried out using a two-tailed Student's t-test with Statmost software (Data-Most). P,0.05 was considered significant.
